Gastrointestinal colonization and systemic dissemination by Candida albicans and Candida tropicalis were compared in intact and immunocompromised mice. Five-day-old CFW mice were inoculated by the oral-intragastric route with 1.0 x 107 CFU of two C. albicans and two C. tropicals strains isolated from the blood of patients with acute leukemia and with C. albicans 4918 and its cerulenin-resistant mutant 4918-10. C. albicans and C. topicalis spread to the lungs, liver, and kidneys within 30 min postinoculation, and organ CFU of the two species were comparable over the following 10 days. Close association of blastoconidia with the villous surface of the small intestine resulted in lysis of microvilli and then progressive invasion of villi.
tropicalis appears to be more virlent than C. albicans and that factors responsible for gastrointestinal colonization, systemic dissemination, and mortality in immunocompromised mice may not be identical.
Invasive candidiasis is the most frequent opportunistic fungal infection in immunocompromised patients, especially those with acute leukemia (3, 28) . Penetration of the Candida species through the gastrointestinal mucosa is thought to be the most frequent mechanism leading to systemic dissemination (39) . Autopsy studies conducted in patients who had culture-proven disseminated C. albicans or C. tropicalis infections with involvement of the alimentary tract have demonstrated submucosal invasion by blastoconidia and pseudohyphae, preceded by a band of advancing tissue necrosis only in those with C. tropicalis infections (40) . Investigations of the pathophysiology of this process in experimentally infected animals have suggested a complex interplay (15) involving lysis of the mucin layer, microvilli, and vili by candidal hydrolytic enzymes (13) , adherence to gastrointestinal mucosa (19, 22, 36, 37) , suppression of the strictly anaerobic intestinal microflora by antibiotic therapy (20, 21) , and neutropenia secondary to cytotoxic chemotherapy (12, 18) . Depletion of CD4+ lymphocytes, however, predisposes to mucosal candidiasis of the alimentary tract but not to systemic dissemination (1, (6) (7) (8) 29) .
Several animal models have been devised to reproduce gastrointestinal and systemic candidiasis as they occur in humans (10-13, 15, 16, 18, 20-23, 30, 31, 34, 41) . Ideally, persistent gastrointestinal colonization by the Candida species should precede immunocompromising treatments which give rise to invasion and systemic dissemination. Persistent * Corresponding author. colonization of adult mice in the absence of compromising procedures has only been achieved with prolonged feeding of C. albicans incorporated in solid chow, which may partially protect the fungus from gastric acidity (34) . The infant mouse model, however, circumvents these problems since gastrointestinal colonization with C. albicans initiated in infancy persists for at least 30 days (16, 31) . Immunosuppression of the persistently colonized mice with cortisone and cyclophosphamide results in penetrative growth by the filamentous form of Candida species in the cardial-atrium fold of the stomach and dissemination to deep organs (10) (11) (12) 18) .
C. tropicalis is an increasingly frequent cause of invasive candidiasis in neutropenic patients being treated for acute leukemia or undergoing bone marrow transplantation (35, 43) . The virulence of C. albicans and C. tropicalis was similar after intravenous inoculation of intact mice (2, 42) and was comparably enhanced in animals rendered neutropenic with cyclophosphamide (2) or cytarabine (41) . However, dissemination of C. tropicalis was greater than that of C. albicans after gastrointestinal inoculation of adult mice pretreated with gentamicin and cytarabine (41, 42) . In this study, the infant mouse model was used to compare the gastrointestinal persistence of these two species and their invasiveness after immunosuppression. Fig. 2a and b) . Close association of blastoconidia with the villous surface resulted in lysis of microvilli and then progressive invasion of villi (Fig. 2b to d) . Blastoconidia within vili were surrounded by a conspicuous zone of clearing (Fig. 2d) . Persistence in small and large intestines. Colonization of the small and large intestines by two C. albicans blood isolates and strains 4918 and 4918-10 was similar for 31 days after oral-intragastric inoculation. However, persistent colonization by the four C. albicans strains consistently exceeded that of the two C. tropicalis strains (P < 0.001, two-way analysis of variance with multiple comparisons) (Fig. 3) . Infant mice inoculated with C. albicans gained weight less rapidly than uninoculated controls or mice inoculated with C. tropicalis strains (17 to 26 mice per strain; P < 0.05, weighted linear regression [14] ).
Immunosuppression and systemic dissemination in persistently colonized mice. Persistent colonization of the stomach and small intestine was demonstrated 28 days after inoculation with the C. albicans strains but was undetectable in mice inoculated with C. tropicalis or PBS (Table 2) . No deaths or systemic dissemination was observed in uninoculated mice, in animals inoculated with PBS, C. albicans, or C. tropicalis and sham-immunosuppressed, and in immunosuppressed mice inoculated with PBS. However, immunosuppression increased stomach CFU 40-to 370-fold and intestinal CFU 30-to 80-fold in mice colonized with C. albicans. Gastrointestinal colonization by C. tropicalis, undetectable before immunosuppression, only became apparent after treatment with cortisone and cyclophosphamide. C. albicans disseminated to the liver, kidneys, and lungs more frequently and with higher organ CFU than C. tropicalis (P < 0.002, Wilcoxon two-sample test). Despite this fact, 14 of 69 mice (20%) infected with C. tropicalis died, compared with 3 of 70 mice (4%) infected with C. albicans blood isolates (P = 0.004, chi-square). C. albicans 4918 disseminated to a greater extent than strain 4918-10 (P < 0.001, Wilcoxon) and produced higher mortality (15 of 48 mice [31%] compared with 1 of 55 mice [2%]; P < 0.001, chisquare). All isolates of C. albicans 4918 and 4918-10 recovered from persistently colonized and immunosuppressed mice remained susceptible and resistant to cerulenin, respectively.
Candida cells disseminated most extensively to the liver and then to the kidneys and lungs (Table 2) . Typical candidal microabscesses were most abundantly observed on the surface of the liver, but were also found on the kidneys, stomach, intestine, lungs, skin, urinary bladder, and myocardium of immunosuppressed mice infected with C. albi- Indirect immunoperoxidase and immunofluorescence assays performed on sections of the esophagus, stomach, and small intestine from immunosuppressed, persistently colonized mice 36 days after inoculation revealed penetrative growth by hyphae of C. albicans or C. tropicalis exclusively in the mucosa and submucosa of the stomach. Candida cells were not seen in sections from uninoculated control mice. DISCUSSION C. tropicalis is an increasingly frequent cause of invasive candidiasis in neutropenic patients being treated for acute leukemia or undergoing bone marrow transplantation (35, 43) . However, the precise microbial and host factors which favor C. tropicalis as a cause of gastrointestinal and systemic candidiasis in these patients are presently unknown (17) . The virulence of C. albicans and C. tropicalis was similar after intravenous inoculation of intact mice (2, 42) and was comparably enhanced in animals rendered neutropenic with cyclophosphamide (2) or cytarabine (41) . In contrast, dissemination of C. tropicalis was greater than that of C. albicans after gastrointestinal inoculation of adult mice pretreated with gentamicin and cytarabine (41, 42) . To reproduce the clinical condition in humans, however, persistent gastrointestinal colonization by the Candida species should preferably precede immunocompromising treatments which give rise to invasion and systemic dissemination. The infant mouse model is ideally suited for this purpose, since oral-intragastric inoculation of 5-day-old mice results in sustained colonization in the absence of compromising procedures (31) . Immunosuppression of the persistently colonized mice with cortisone acetate and cyclophosphamide results in penetrative growth by the filamentous form of Candida strains in the cardial-atrium fold of the stomach and systemic dissemination (10) (11) (12) . The model also reproduces the human condition because patients with culture-proven disseminated C. albicans or C. tropicalis infections and involvement of the alimentary tract had submucosal invasion by both blastoconidia and pseudohyphae (40) . Findings obtained after immunosuppression of persistently colonized mice are thus considered to be more clinically relevant than those produced immediately after oral-intragastric inoculation, in which rapid transcytosis of Candida blastoconidia occurs in the absence of immunocompromising treatments. Prompt passage of blastoconidia across the bowel wall occurs after large inocula of C. albicans in normal mice (31) , dogs (39) , and humans (24), but is not directly relevant to the condition as it occurs in the immunocompromised host.
Oral-intragastric inoculation of 5-day-old mice with four C. albicans and two C. tropicalis strains revealed passage of blastoconidia across the bowel wall within 30 min postinoculation and no differences in dissemination to the lungs, liver, and kidneys. However, this acute model may not unmask differences in interactions of C. albicans and C. tropicalis with bacteria (22) and may not reveal possible differential effects of immunosuppression on penetrative growth by the filamentous form of either species (10) (11) (12) . Nevertheless, the digestion of microvilli and villi in close association with C. albicans or C. tropicalis raises the possibility that an exported protease, possibly the candidal aspartyl proteinase (26) , may play a role as a virulence factor in gastrointestinal candidiasis. Secretion of the proteinase in vivo is common to blastoconidia and germ tubes of C. albicans and C. tropicalis and was associated with cavitation of underlying human nonkeratinized buccal epithelium (4) or murine epidermis (32) . In addition, partial digestion of the stratified squamous epithelium surrounding Candida hyphae was observed in the region of the cardial-atrium fold of nonimmunocompromised, persistently colonized mice (10) , which may correlate with the band of advancing tissue necrosis preceding submucosal invasion by blastoconidia and pseudohyphae which was demonstrated in humans (40) .
Little is known about the relative abilities of C. albicans and C. tropicalis to persistently colonize the normal gastrointestinal tract. Sustained colonization of the small and large intestines by C. albicans strains reproducibly exceeded that of C. tropicalis strains for 31 days after oral-intragastric inoculation and was correlated with significantly decreased weight gain compared with mice colonized with C. tropicalis or uninfected controls. Potential factors responsible for lower colonization by C. tropicalis include enhanced susceptibility to the suppressive effect of the anaerobic flora (20, 21) , increased bacteria-yeast or yeast-yeast interactions (22) , and decreased adhesion to gastrointestinal epithelium. C. tropicalis adheres less efficiently than C. albicans to fibrinplatelet clots (27) , but adhesion of the two species to gastrointestinal epithelium in vitro has not been directly studied (33) . The decreased weight gain of mice colonized with C. albicans may result from competition for or malabsorption of nutrients. The absence of systemic spread of both Candida species in persistently colonized mice before immunosuppression demonstrates that the normal gastrointestinal tract and host defense mechanisms effectively prevent invasion by Candida species.
Immunosuppression of persistently colonized mice with cortisone acetate and cyclophosphamide resulted in weight loss, increases in viable units in the stomach and small intestine, and systemic dissemination especially to the liver, all consistent with previous findings in studies on C. albicans (12, 18) . In contrast, C. tropicalis only became detectable in the stomach and small intestine after immunosuppression. C. albicans hyphae have been demonstrated in the stratified squamous epithelium of the stomach of infant mice 10 days after oral-intragastric inoculation (30) and may have been the source of systemic dissemination by C. tropicalis after immunosuppression. In addition, C. tropicalis appeared more virulent than C. albicans, since it produced higher mortalities despite lower viable units in the liver, kidneys, and lungs. Taken together, these results suggest that factors responsible for gastrointestinal colonization, systemic dissemination, and mortality by Candida species in mice immunosuppressed with cortisone acetate and cyclophosphamide may not be identical. The finding of invasive Candida hyphae in the gastric mucosa but not other segments of the gastrointestinal tract after immunosuppression identifies the cardial-atrium fold as the portal of entry in mice with gastrointestinal and systemic candidiasis, in agreement with other reports (1, 6, (10) (11) (12) 18) .
C. albicans 4918 disseminated to a greater extent than its cerulenin-resistant mutant 4918-10 and produced higher mortalities. This may have resulted from the 37-fold-greater stomach content of strain 4918 compared with strain 4918-10 before immunosuppression. Both strains have comparable abilities to adhere to disks of mouse duodenal tissue in vitro (38) , but their relative adhesion to the cardial-atrium region of the stomach has not been determined. Such a study would be of interest to evaluate the potential role of adhesion in persistence of colonization at this portal of entry for invasive candidiasis.
Studies Us Q relative propensities of these two species to cause invasive candidiasis.
